This paper aims to study the hybrid control of a five-phase permanent-magnet synchronous machine improved by the space vector modulation (SVM) technique. The torque ripples and currents will therefore be reduced. This control is based on the theory of hybrid dynamic systems (HDS), its discrete component is the voltage inverter which has a finite number of states controlling the continuous component that represents the machine. The results of the simulation made on MATLAB/Simulink are presented and discussed in order to check the performance of the strategy of the studied control. They show, in particular, the main advantages of this control manifesting the good dynamic of the electromagnetic torque and the robustness against the parametric variations.
Introduction
In recent years, multiphase machine application has been widely promoted by researchers in many fields such as electronic vehicles, railway traction, all-electric ships, electric aircraft, and wind power generation systems [1] [2] [3] [4] [5] [6] [7] . The raising interest in this type of machines is the result of the advantages it enjoys when compared to the three-phase [1, [3] [4] [5] [7] [8] [9] [10] , in terms of the performance they provide, such as better fault tolerance, higher torque density, less torque pulsation, drive noise characteristic improvement, and a smaller sum in ratting per inverter leg [1] [2] [3] [4] [5] [6] [7] [9] [10] [11] ; as well as the increase of digital-calculators power [12, 13] , and advances in the field of electronic power [6, 14] .
These industrial applications require torque control with high dynamic performance, good steady-state accuracy, and robustness to different disturbances. In recent years, several techniques have been developed to enable this performance. The vector control makes it possible to have a dynamic close to that of the DC machine; however, this control structure requires precise parameters of the machine [15] [16] [17] , which in turn requires a good identification of the parameters. Consequently, it is necessary to use a robust control algorithm to guarantee an acceptable level of decoupling and performance [4] .
The conventional direct torque control (DTC) strategy is a solution for the problems of the vector control;
it uses an enticing approach with its efficiency and simplicity of implementation [16] [17] [18] . In this technique, the inverter commutations are obtained from the output information of the two hysteresis regulators (torque, flux) and the position of the stator flux [3, 6, 14, 16, 17, [19] [20] [21] . Because of these regulators, the frequency of the * Correspondence: d.difi@yahoo.fr This work is licensed under a Creative Commons Attribution 4.0 International License. power switch control is not constant, which causes a harmonic-rich spectral content that increases the losses in the machine [3, 6, [16] [17] [18] [19] [20] [21] . In order to overcome this problem, this method is improved by eliminating the hysteresis regulators and the vector selection table. This new strategy is based on the PI regulators and the SVM technique, in which the inverter operates at a constant frequency, and the SVM is applied to the output vector of the control [6, 16, [18] [19] [20] [21] . This technique (synchronous DTC) offers an alternative solution avoiding the disadvantages of the conventional DTC [6, 16, [18] [19] [20] [21] .
The hybrid control is a control that maintains the velocity of the DTC control and it is the best in terms of amplitude of the torque oscillations. This control allows the machine torque to be controlled directly at the level of the inverter commutations, which reduces the complexity of the algorithm. In addition, this control does not need any observers or current regulators [22] [23] [24] [25] [26] [27] . This hybrid control, like the DTC control, does not require speed control, and it can be found in many applications, such as railroad traction, machine tools, and recently, electric vehicles. However, the speed of machine can be regulated through an external loop independent of the hybrid control. The output of its regulator is the electromagnetic reference torque This type of control based on an hybrid dynamic systems (HDS) class model, i.e. modeling includes at the same time continuous and discrete variables [28] [29] [30] [31] [32] [33] , in the sense that the "discrete" behavior of the voltage inverter and the "continuous" behavior of the machine are taken into account in a unified manner during the modeling process. This control is applied to a large category of systems proposed in [22] [23] [24] [25] [26] [27] and recently to multicellular converters [31, [34] [35] [36] [37] . This diversity in application fields is based on a unique principle of the prediction phenomenon. This principle can be summarized in the following five steps:
• Determination of a general model of the behavior of the set energy modulator continuous process. It takes into account the continuous and discrete variables of the system.
• The integration of Eq. (1) by the Euler method over a short time interval T.
• Searching for the linearity domain in which the trajectories in the state space are rectilinear. This constraint implies the determination of the maximum decision time T max and a minimum time T min , the latter is a function of temporal execution constraints, material, and computing capacity.
• From a measured state x(t), we determine the possible directions d j in the state space relative to the different switching states u j .
• Choosing the closest direction to the reference state, we then apply the corresponding configuration to the chosen direction during an optimized time by respecting the constraint of linearity of the trajectories.
In this favorable context to the development of new methods, the work presented in this paper aimed to improve and apply this hybrid approach for the torque control of the five-phase machines, while benefiting from the SVM technique. This improvement was based on maintaining the first four stages and replacing the last step with the following steps • Determining the sector formed by d i and d i+1 containing the vector d ref .
• Decomposing the vector d ref following the two vectors d i and d i+1 delimiting the sector i.
• Elaborating the control sequences of the inverter switches.
As a result, the functioning of the system can be improved, whereas the ripples of the torque and currents will therefore be reduced. The obtained model was simulated using MATLAB/Simulink, and the results of this simulation are presented and compared with that of the vector control to check the performance of this control. found in a sector formed by d i and d i+1 and then, an optimization procedure was carried out for selecting these two directions and their duration of application t i and t i+1 to obtain a vector closest to the desired direction.
Proposed control principle

Modeling of five-phase permanent-magnet synchronous machine and its converter
Mathematical model of the five-phase permanent-magnet synchronous machine
In order to obtain a simpler formulation and reduce the complexity of the machine model, the establishment of its mathematical model will be developed on the basis of the following assumptions [38] :
• The effects of skin, shock absorbers, saturation, and variation of reluctance of the magnetic circuit are neglected.
• The EMF induced in the stator windings are solely due to the rotor magnets which have a shape that is due only to the magnets and the structure of the windings. Armature reaction magnetic (due to stator currents) does not change the form of the EMF.
• The phases are the same and offset by an α = 2π 5 . The voltage equations of a five-phase permanent-magnet synchronous machine (PMSM) are given in [9, 10] : The five-phase machine is equivalent to three fictitious machines magnetically decoupled and mechanically coupled.
These three fictitious machines are called respectively the main machine, secondary machine, and homopolar machine [12] .
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Determ n ng the sector conta n ng the vector dref The transition from the natural base to the fictitious base is done through the intermediary of the Clarke transformation, which ensures the decoupling of the phases. The two transformation matrices in each plane are:
] .
The electrical model of each fictitious machine can be put in the following matrix forms:
• Secondary machine: Figure 2 shows the structure of a five-phase inverter. Each arm of the inverter can be presented by a two-position switch. The inverter switches are considered ideal. The states of the switches are represented by a vector of dimension (5 * 1) given by:
Modeling of the five-phase inverter
The phase voltages as a function of the conduction state of the inverter are expressed as: .
The vectors v 0 and v 31 have a zero projection in the two considered planes. There are three groups, each of them is composed of 10 distinct vectors. The first group is composed of 10 vectors that represent the upper decagon in the principal plane and the lower decagon in the secondary plane. The second group is composed of 10 vectors that represent the lower decagon in the principal plane and the upper decagon in the secondary plane. The third group is composed of 10 vectors which represent the intermediate decagon in each of the two considered planes [39] .
In the Concordia landmark, the voltage vector [V] in each fictitious plane is given by: 
Algorithm of the proposed control
For a five-phase permanent-magnet synchronous machine with smooth poles, the electromagnetic torque can be expressed as:
In the case of machines with sinusoidal flow distribution, only the first fictitious machine M1 produces an electromotive force (FEM) voltage [39] [40] [41] . Thus, it is the only one to produce an electromagnetic torque.
In this case, the inverter uses only the vectors v 0 and v 31 that have a null projection and the group 1 of 10 vectors of the same standard which represents the upper decagon in the main plane.
The electromagnetic torque is proportional to the current i qp . In the state space, the current references are therefore i dpref =0 (to minimize Joule losses) and i qpref proportional to the torque setpoint [23, 24] .
The algorithm of control uses a technique of calculation of the switching. The latter is based on the vector representation of the current vectors in the plane ( α , β ); the reference currents i dref and i qref must then be transformed into two sinusoidal currents i αref and i βref , and then calculate the reference direction This algorithm of control consists of projecting the desired vector d ref on the two adjacent direction vectors that correspond to two switching states of the inverter during a period T. The operation of the studied control is summarized by the following processing sequences:
• Obtaining a hybrid model of the combined converter-machine.
• Calculating the possible directions in the state space.
• Acquiring a setpoint d ref .
• Determining the sector containing the vector d ref .
Hybrid model of the behavior of the inverter-machine combined
Starting from Eqs. (7) and (11), the hybrid model of the behavior of the inverter-machine set is written:
The integration of Eq. (11) by the Euler method over a short time interval T gives:
(16) Taking:
So the hybrid model of our system is written in the following form:
Determination of directions
For a measured state, the algorithm of control computes the possible evolutions in the state space relating to the different configurations, using Eq. (20) . A graphical representation of these vectors is given in Figure 5 . Starting from Figure 5 , the possible directions and reference direction are given as follows:
Determination of the sector
In order to determine the sector to which the reference vector d ref belongs, we must determine the integer i ( 1 ≤ i ≤ 10).
Taking:
It is then possible to determine the sector i by the following relation:
where F is a function that takes the following values:
Calculation of t i and t i+1 for each sector
To obtain a vector closer to the desired direction, it is necessary to apply:
• The voltage v i corresponding to the vector d i during the time t i ;
• The voltage v i+1 corresponding to the vector d i+1 during the time t i+1 ;
• A null vector during times t 0 and t 31 .
With the time durations t 0 and t 31 defined by the following relation:
the equation of the reference vector becomes:
We can deduce the relations that allow calculating the switching time for the different sectors:
Simulation results and interpretation
The operation of the inverter-machine unit was simulated using MATLAB/Simulink software. Two cases are to be realized: the hybrid control and the classical vector control.
To verify the performance of the studied control, it is necessary to make a comparison between the two orders made under the same operating conditions and in the same simulation configuration. In terms of: The global model is presented in Figure 6 . From the results obtained, we can say that the two controllers demonstrate good prosecutions. However, it is interesting to note that the hybrid controller is able to reduce the current ripple i sq and torque. In Figure 10 the phase currents for the two controls have the appearance of sinusoid with a low noise in the case of the hybrid control. This remark can be confirmed by the spectra of the phase currents shown in Figure 11 , when using the hybrid control; all harmonics have disappeared.
To further test the robustness of the control with respect to a reference variation of the current i sq , a change in the current setpoint of +5 to -5 is introduced at the instant t = 0.05 s. In Figure 14 , it is noticeable that the control of the currents by the hybrid control during switching of the converter does not lead to any overcurrent, contrary to the classical vector control where the current exceeds the set value. Figure 15 shows the responses of the torque for the two control. The comparison of these results shows that the hybrid control shows very high dynamics and precision of response of the torque, contrary to the classical vector control. In order to have a better appreciation of the obtained results through the two commands, we have represented the couple in Figure 16 . Figure 18 shows the comparison between the influence of the variation of the parameters that characterize the model on the performances of the vector control and that of the hybrid control in order to evaluate the robustness of the latter.
For this purpose, the value of the stator resistance and the value of the inductance are increased +100% of their nominal values in the model of the machine only, keeping these nominal values in the control algorithm. And the response of the components i sd and i sq and the torque response are presented when applying steps to the reference i sqref of +5 to -5 while maintaining the reference i sdref null. From Figure 18 , it is found that the vector control law depends on the parameters of the motor; therefore, this technique is not robust regarding the internal parametric variations. However, in the hybrid control, it was observed that the parameters of the control algorithm are less dependent on the parameters of the machine.
Conclusion
In this paper, we have studied the hybrid control of five-phase permanent-magnet synchronous machine associated with the SVM technique. Thanks to this control strategy, the operation of the system can be improved. This technique is based on a very simple local model valid for a time horizon of decision. This reduces the complexity of the algorithm and it is noted that this control does not need any observers or current regulators.
The model was established on MATLAB/SIMULINK. Simulation results are presented to demonstrate the validity of this model. These results showed very good dynamic performance and good robustness with respect to the parametric variations that would be impossible to obtain by the conventional approaches.
